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Abstract - One of the main application areas for  multi- 
agent systems technology is enterprise mobilization, 
wherein the main business process actors are nomadic 
workers. An agent's autonomy, sociality and intelligence 
are highly prized features when it comes to supporting 
those mobile workers who are geographically isolated 
from the main knowledge source (i.e. the corporate 
hitranet) and are frequently moving from oiie location to 
another. Based oii experience gained from nvo field trials 
of applicatioiis (built using for multi-agent systems 
technology and ruriniiig on lighnveight haridheld devices) 
that support mobile business processes for  
telecommunications service provisioning and 
mairitenance, this paper proposes desirable metrics for  
any multi-agent systems platform iritended for enterprise 
mobilisation use. These metrics are then used to compare 
(I number of existirig multi-agent Systems platforms, and 
based on the results, this paper idetitijies some areas for 
improvemerit. 
Keywords: Multi-agent systems, mobile business 
processes, evaluation metrics. 
1 Introduction 
As today's market environment is characterised by the 
dynamic changes of customer needs and shortening 
product life cycles, agility is considered as one of the most 
important competencies of modem companies. In this 
environment, the effective management of a mobile 
workforce is regarded as one of the key means to increase 
the agility of a company, as the mobile workforce is one of 
the main channels in detecting the changing needs of 
customers and obtaining feedback on new products andlor 
services. 
Despite its importance, the information system (IS) 
support provided for the management of a mobile 
workforce is frequently inferior to that provided for in- 
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office workers. This is mainly due to the fact that the IS 
support requirements for a mobile workforce are different 
in many ways from those for in-office workers, as the 
latter work within a reliable computing environment (71. 
Furthermore, the behavioural differences between mobile 
and in-office workforces also make it difficult for mobile 
workers to directly re-use an IS developed for in-office 
workers. This proposition has already been proved by 
some studies in the Task/Technology Fit research area 
Multi-agent systems (MAS) are considered as one of 
the main technologies to support mobile workers as the 
intelligence. autonomy, and sociality of software agents 
can easily be used to benefit them [1][12]. However, 
despite this potential usage, most existing MAS platforms 
have been primarily designed for in-offce end users. Only 
a handful of MAS platforms target the mobile computing 
environment. 
This paper aims to identify features that should be 
incolporated in a MAS platform in order to support an 
enterprise's mobile workforces. From this, we derive a set 
of meuics that are used to evaluate several MAS platforms 
in order to establish the goodness of fit of each with the 
needs of the mobile computing environment. 
This paper is organized as follows. The next section 
reviews related work and Section 3 explains how the 
metrics for the evaluation of MAS platforms have been 
derived. Section 4 briefly describes the MAS platforms 
selected with our designed criteria for evaluation and then 
details the evaluation results. Finally, Section 5 discusses 
the issues found during the evaluation and concludes this 
paper. 
l91l171. 
2 Literature review 
The comparison of MAS platforms is considered difficult 
due to the lack of an agreed set of specific metrics, a 
consequence of the fact that many MAS platforms have 
been developed using different design philosophies, and 
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targeted on different domains. As a result, existing 
evaluations or comparisons of MAS platforms are based 
on either generic or high level metrics. Mangina [13] 
reviewed thirty-six MAS platforms mostly focusing on 
their components and features. At the end of the review, 
he differentiated the platforms by their licensing policy 
and origins (academia or commercial). Giang and Tung 
[8] have also performed a similar study. They however 
used metrics such as the type of Java virtual machine 
(JVM) used, message type (KQML or FIPA ACL for 
example), security features, support for agent mobility, 
etc, for their evaluation. Ricordel and Demazeau [I51 
surveyed and compared four MAS platforms from a 
developer’s point of view. Their comparison is focused on 
evaluating the level of support provided for each stage of a 
development methodology (analysis, design, development, 
and deployment). Dikaiakos et al. [6] compared the 
performance of three mobile agent platforms. For this, 
they proposed a hierarchical performance evaluation 
framework, which consisted of four layers of metrics. 
Carabelea and Boissier’s work [Z] has a similar 
motivation to this paper in that they focused on MAS 
platforms designed for mobile devices. However, they 
used basic metrics for the comparison, such as the target 
device, communication protocols supported, RPA 
compliance, target JVM, etc. This paper is distinguished 
from their study by the metrics used for the evaluation and 
comparison of platforms. In this paper, we identify metrics 
specific to mobile computing for our comparison of MAS 
platforms. 
Domain 
Usability 
3 Characterizing a MAS platform as 
Features 
Platform replication 
Agency recovery 
Agency re-connection 
Ghost agent management 
Agent mobility 
Multi-modal human agent interaction 
an enabler of enterprise 
mobilization 
The unique features that an IS must provide in order to 
support nomadic workers are derived from the constraints 
imposed by the mobile computing environment. Based on 
the literature review in the mobile computing area 121 and 
the experience gained from two field trials where a MAS 
platform was used to support mobile teams in the UK and 
Germany [I], we have identified a set of metrics can be 
used to evaluate the suitability of a MAS platform to 
support a mobile workforce. The metrics are classified 
into four categories as shown in Table 1 ,  and the following 
sub-sections detail why these metrics were chosen. 
3.1 Usability 
One of the unique features that characterize the IS support 
typically provided for the mobile workforce is the inferior 
computing environment, compared with that available in 
an office environment. Usability refers to the ability of a 
MAS platform to overcome the environmental barriers 
preventing mobile workers from accessing services. These 
harriers include temporary or long-term network 
Device 
disconnections, foreseen device failure (e.g. low battery), 
and awkward input mechanisms. 
Table 1 Required features of a MAS platform for 
enterprise mobilisation 
Supported confgurations 
Communication 
efficiency 
Ease of configuration 
User interface independence 
Data compression support 
Message buffering s u ” t  - - .. 
] Firewall penetration by GPRS 
Lightness I static RAM footprint I 
Dynamic RAM footprint 
Boot-up time 
Usability can be broken down into the following metrics: 
Plarfom replication ensures a robust application that 
can continue the provision of services even in the event of 
failure at the platform level. Replication can be achieved 
either locally or remotely. 
Agency recovery ensures an application agent can 
recover from a previous known stable state in case of 
unexpected failure. 
Agency re-corinection support ensures an application 
agent can re-join an agent society after a temporal 
disconnection due to network outage. 
Ghost agent management siipporr is a service of a 
MAS platform that resolves the issue of ghost agents, that 
is, agents that are registered in an agent society but are no 
longer available due to either device failure or long term 
network disconnection. 
Agent rnobiliry is an important feature in the context 
of a mobile workforce, as it ensures an application agent 
can move from one mobile device to another mobile 
device in case of foreseen problems such as low power. 
Multi-modal human agent interaction increases the 
usability of a mobile application by increasing the reach- 
ability of the mobile workforce when they are executing 
jobs in such circumstances that they cannot monitor the 
screen of their mobile devices. A multi-modal interface 
(for instance the inclusion of speech based inputloutput) 
would be appropriate in such circumstance as a means for 
communication between an agent and a human user. 
Reasoning support is a service of a MAS platform 
allowing application developers to implement a reasoning 
capability for an agent on a mobile device. 
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3.2 Device adaptability 
The devices used within a mobile computing environment 
tend to be heterogeneous, ranging from lightweight mobile 
phones to heavyweight laptop computers. Therefore, the 
heterogeneity of computing devices imposes another 
barrier that should be overcome. That is, an application 
developed for a specific type of computing device cannot 
be directly used without modifications on a different 
computing device. As a result, the capability of a MAS 
platform to allow developers to configure their systems on 
different computing devices is considered as one of the 
main requirements of device adaptability. Device 
adaptability can be broken down into the following 
metrics: 
Supported coilfiguration measures what types of 
configurations are supported by a platform for different 
mobile devices. 
Modularity support is a service of a MAS platform, 
which allows developers to selectively install only those 
platform components required for a specific application in 
order to minimize the amount of computing resources 
required, thereby optimising performance. 
Ease of coilfiguration measures the level of 
difficulty of modularity support of a MAS platform. For 
example, whether the MAS platform provides in-built 
support via configuration scripts or if application 
developers are forced to perform this process manually. 
User interface configuration indicates whether a 
MAS platform provides support for implementing a user 
interface that is not only independent of the properties of 
the underlying mobile device, but also decoupled from the 
agent(s) that may use this user interface. This is an 
important requirement if agents are to be used on a variety 
of different mobile devices. 
3.3 Communication efficiency 
Mobile devices communicate over wireless networks, 
which in the majority of cases when compared to wireline 
networks are more expensive to access, more prone to 
network outages, and provide lower bandwidth. As a 
result, the capability of a MAS platform to operate 
efficiently under these network constraints is an important 
requirement. Communication efficiency can be broken 
down into the following metrics: 
Data coinpression is the capability of a MAS 
platform to compressldecompress outgoing/incoming 
messages or mobile agents in a transparent way. 
Message buffering is the capability of a MAS 
platform to buffer messages if they cannot be delivered to 
the intended recipient due to temporal network 
disconnection. 
Firewoll penetration by GPRS (General Packet 
Radio Service) is the capability of a MAS platform to 
enable the communication between two agents (one 
running within public Internet or private Intranet space, 
the other running in GPRS network space). This is an 
important issue, as some GPRS service providers have 
their own firewalls that do not allow direct connections 
from the InterneWIntranet to mobile devices within their 
network space. 
3.4 Lightness 
The limited computing resources of mobile devices 
impose a constraint on not just the size of a mobile 
application but also the level of functionality provided. As 
a result, the capability of a MAS platform to operate 
efficiently within a limited computing environment is 
essential. Lightness can be broken down into the following 
metrics: 
Static RAM footprint represents the total storage 
size required to install a MAS platform on a mobile 
device. 
Dynamic RAM footprint represents how much 
memory a platform requires when it is launched without 
any application agents. 
Boot-up time represents the total time taken to 
launch a MAS platform. This is important in the context of 
a mobile computing environment, as users of mobile 
devices only interact for very short periods of time with 
applications, therefore any starmp delays have a negative 
impact on users. 
4 Evaluation of the platforms 
This section details the results from the evaluation of 
currently available MAS platforms, which target mobile 
devices. Section 4.1 briefly describes how the MAS 
platforms were selected and the methodology used for 
their evaluation is described in Section 4.2. Finally, 
Section 4.3 summarizes the evaluation results. 
4.1 Selection of MAS platforms for 
evaluation 
Anecdotal evidence suggests that there are a large number 
of MAS platforms in circulation. Therefore to reduce the 
number to be evaluated against the metrics identified in 
Section 3, we used three screening criteria: i) publicity, ii) 
explicitness, and iii) availability. Publicity was measured 
by checking if the MAS could be found on the Internet 
using a search engine or was described within published 
papers. Explicitness was fulfilled if the MAS platform 
explicitly stated that it was targeting mobile devices. 
Availability was satisfied if the MAS platform is available 
for use, either in an unrestricted or restricted (evaluation) 
mode. Based on these three criteria, five platforms were 
selected for evaluation, as shown in Table 2. 
A detailed description of each MAS platform can be 
found via the references provided in this paper. 
4.2 Evaluation methodology 
The evaluation of the selected MAS platforms was 
completed by checking both the userldeveloper guides and 
source code provided within the platform distribution. 
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Furthermore, where an analytical approach was not 
feasible, live experiments were conducted using a PDA 
device and a GPRS network. 
Table 2 Selected MAS platforms 
BTGroup 
Platforn 
LEAP [lo] 
A ents[5] 
Micro FIPA 
os1141 
Cougaar[3] i:: kSACl[lll GPL May 2004 Developer 1 License 1 $Gte I I , LEAP I LGPL 1 May2004 Helsinki Public License License 
Paulo / Uni. 
of Federal de 
Pemambuco I 
Figure 1 shows the environment in which the live 
experiments were conducted. The environment consisted 
of two devices: i) a wireless PDA (DI, RAM 64M, 
Processor ARM SA1 1 IO), and a laptop (D2). Both devices 
ran the MAS platform under investigation at the time and 
a single agent. Device (D1) communicated over a GPRS 
network, while device (DZ) was connected to a wireline 
network. Communication between the devices was 
achieved via a virtual private network (VPN). 
VPN 
Figure 1 Platform evaluation environment 
The metrics evaluated through live experiments 
were: i) agency re-connection support, ii) ghost agent 
management support, iii) message buffering support, iv) 
firewall penetration by GPRS, v) run time RAM footprint, 
and vi) boot up time. We now discuss how the first four of 
these were evaluated. 
Agency re-coibnection was evaluated by terminating 
the network connection on device (DI), and after two 
minutes re-establishing the network connection, and 
checking to see if agent (AI) could reconnect to its 
previous community by sending a message. If the message 
was received by agent (A2) the platform passed. Ghost 
agent management was evaluated by terminating agent 
(AI)  abnormally by stopping the JVM. Then after two 
minutes agent (A2) sent a message to agent (AI). If the 
platform indicated a failure has occurred with the message 
delivery, then it passed. Message buffering was evaluated 
by terminating the network connection for two minutes on 
device (DI), during this time agent (A2) sent a message to 
agent (Al). After two minutes the network connection was 
re-established for device (DI), and if the message was 
received, then the platform passed. Firewall penetration 
by GPRS was evaluated by sending a message from agent 
(A2) to agent (Al). If agent (A2) received the message, 
then the platform passed. 
4.3 Evaluation results 
Table 3 summarizes the evaluation result of the platforms. 
Note that each platform was evaluated ‘as is’ with no 
optimisations (such as those described in [15]) applied. 
Firstly, Cougaar was the only platform that failed to run 
within the environment described in section 4.2. This is 
because it uses a Virtual Machine (KVM) which is no 
longer supported and is not available. 
The majority of the platforms failed many of the 
usability metrics. In particular, no platform passed metrics 
such as agency recovery, multi-modal interface, and 
provision of an inference engine. On the other hand, agent 
mobility is the most supported metric (by four of the five 
platforms). 
With regard to device adaptability, two platforms 
provided two different configurations for two types of 
mobile devices. As a result only these two platforms 
passed the ease of configuration metric. Support for the 
development of a user interface for different types of 
mobile devices is only partially supported by one 
platform, the rest do not provide any support. This seems 
to indicate that the platforms consider the development of 
a user interface as an application-specific task. 
Only one platform passed all the metrics for 
communication efficiency while the other platforms didn’t 
consider this functionality in their design. Particularly, it is 
notable that most of the platforms except JADE-LEAP 
failed to penetrate the GPRS network provider‘s firewall, 
which prevents the use of these platforms in a GPRS 
environment. 
The size of the static RAM footprint s e e m  
proportional to the functionality provided by the platform. 
The platform that passed most of the metrics had the 
biggest static RAM footprint while the platform that failed 
most of the metrics had the smallest one. 
Summarizing, most of the platforms evaluated failed 
most of the metrics. In particular, we consider agency 
recovery, multi-modal interface, inference engine and US 
configuration support as important areas which need to be 
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addressed by developers of MAS platforms. JADE-LEAP 
is an exception, which failed very few of the metrics. 
Table 3 Evaluation results for selected MAS platforms: ( I )  
kSaci, (2) DIET Agents, (3) JADE-LEAP, (4) FIPA-OS, 
and (5) Cougaar. 
support 
Platform No No Yes No No 
replication 
Agency No No No No No 
recovery 
Agency Yes Yes Yes Yes N/A 
I 
reconnection 1 
Managing INo ]NO [Yes [ N O  IN/A 
I support I I I 
ghostagent 1 I I I I 
Agent mobility lYes /Yes lYes /No lYes 
Multi-modal 1 No ]No / N o  ]No  \ N o  
I I 
interface 
Reasoning I No No No No No 
footprint 
Message 
bufferin 
Firewall No Yes N/A 
penetration by 
Ikb ]kb  
configuration CLDC CDC CDCl CDC TINI 
Modularity [Low lLow /Low lLow /Low 
CLDC 
footprint I 
configuration ] 
U1 !Low /Low IMed  LOW /Low 
- 
1 configuration 1 I I I I 1  
I 1 ms I I ms 1 ms I I 
5 Discussion and Conclusions 
From the evaluation results presented in section 4.3, the 
functionality that is least supported by MAS platforms is 
usability. This can be attributed to the fact that many of 
these MAS platforms have been initially designed for a PC 
desktop environment, and as such only satisfy some 
minimal criteria such as compliance with Java 1.1, but do 
not adequately address the constraints of a mobile 
computing environment. 
One of the main characteristics of an agent is the 
ability to solve unstructured problems using a knowledge 
base, and the fact that no platform provided an inference 
engine is worth noting. This seems to be due to limitations 
in computing resources. However, the lack of computing 
resources did not stop two platforms from implementing 
an agent internal architecture based on FIPA 
specifications. Therefore, the provision of a lightweight 
inference engine embedded in an agent could be one goal 
for MAS platforms intended for enterprise mobilization 
use. 
Some readers may disagree with the inclusion of user 
interface metrics for the evaluation of a MAS platform. 
However, it should be noted that this paper is addressing a 
nmow application domain within a mobile computing 
context, wherein heterogeneous computing devices are 
used, and user interface issues are highly relevant due to 
the nature of the user’s environment (see more detail 
regarding this issue in [4]). It should also be noted that the 
usability metrics have a trade-off relationship with the 
lightness metrics. For example, the inclusion of a 
reasoning capability for an agent would increase both the 
static and dynamic RAM footprint on a mobile device. 
There are a range of optimisations that could have 
been applied in an attempt to improve the figures for the 
‘lightness’ metrics across the board. However, it was 
never the intention of this paper to evaluate optimised 
versions, instead the ‘out of the box’ version was used in 
each case. 
Due to both time constraints and page limitations, 
certain metrics have been excluded from this paper. For 
example, message latency, dynamic RAM usage, and 
platform stability (the length of time a MAS platform can 
provide its services) have been excluded although they are 
seen as important metrics within a mobile computing 
environment. And, it should be noted that the metrics 
presented within this paper originated from the analysis of 
requirements for mobile business processes. Therefore the 
metrics may differ from those for say a MAS for mobile 
commerce or an entertainment environment. Finally, it 
must be mentioned that every effort has been made to 
ensure an extensive search was conducted to locate 
suitable MAS platforms that could satisfied the initial 
screening criteria. However, we acknowledge that there 
may be a number of MAS platforms that satisfy all our 
metrics, but were not located, despite our best effort. 
In summary, the contributions of this paper are 
twofold. Firstly we identify functionality that is considered 
useful if supported by a MAS platform for enterprise 
mobilization, and secondly we evaluate a handful of 
publicly available MAS platforms to give an overview of 
the state of the art. Despite the limitations mentioned 
above, this paper proposes some areas for improvement 
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for MAS platforms to enable them to better support 
enterprise mobilization. 
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